Abstract-This paper proposes a splattering suppression technique based on acoustic signal for the three-phase ac electric arc furnace (EAF), with an aim to reduce the energy consumption in fused magnesia production. Taking the 5000 kVA EAF as a research object, the spatial distribution of sound amplitude inside the furnace shell was calculated. In addition, the calculation results were proven to be reliable by comparison with the acoustic signal acquired from the EAF. Moreover, the EAF splattering characteristic frequency was extracted by computation of the Winger-Ville distribution. Through the comparison of image signals and acoustic signals, the relationships between the characteristic frequency amplitudes and the different periods in the EAF splattering process were revealed. Furthermore, a program based on this regularity was introduced into the original EAF control system to suppress splattering. Finally, the calculation and production results in fused magnesia smelting were given to validate the effectiveness of the proposed solution.
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I. INTRODUCTION

F
USED magnesia is an essential material for metallurgical and chemical industries. Magnesite, mainly composed of magnesium carbonate (MgCO 3 ), is the basic raw material for fused magnesia production. Three-phase ac electric arc furnace (EAF) is the most commonly used electromechanical equipment to extract fused magnesia from magnesite. It is well known that the EAF consumes huge amount of electric energy. Then how to reduce the energy consumption per ton is the key problem in fused magnesia production [1] , [2] . The axial temperature produced by the arc in the EAF is typically over 10 000°C [3] , thus the magnesite can be melted into magnesia. The chemical reaction process can be illustrated as follows:
If the large amount of gas generated in the decomposition process of ore is not removed promptly in the smelting process, the high temperature generated by the electric arc will cause severe gas expansion. Consequently, the increasing pressure caused by gas expansion leads to the molten ore splash out from the gap between the furnace cover and the graphite electrodes. This phenomenon is known as furnace splattering [4] . The large amount of heat energy loss with the splashes is the main factor to increase the energy consumption per ton. Moreover, furnace splattering can easily lead to potential security risks and terminations during the smelting process because large amount of high-temperature melts and hot gas would splash out of the furnace under severe conditions [5] . Therefore, how to avoid furnace splattering effectively is a crucial problem in EAF operation for fused magnesia. The method to decrease splattering is to decrease the air pressure inside the furnace, not to decrease arc length. To decrease the air pressure inside the furnace in time is the key method of splattering suppression. Fu reported a method to avoid furnace splattering according to the air pressure in the furnace shell and the three-phase current through the bus bars [6] . However, it needs to arrange several pressure sensors inside the furnace shell and current transformers on the bus bars, which makes the system more complex and increases the hardware cost. Generally, an experienced smelting worker predicts when the furnace will splatter according to the EAF sound in the smelting process. The arcs between the graphite electrodes and the molten pool of magnesia are the main sound sources of EAF. Obviously, the arc sound signal should contain various changing information of physical states of EAF in fused magnesia production. In 1980, Drouet and Nadeau investigated the power of arcs and the time integral of the acoustic signal with the oscilloscope and proved the existence of their remarkable correspondence [7] .
Matschullat et al. [8] proposed a sound-based control methodology for the smelting process and foaming slag. Lv et al. [9] investigated the correlation between arc sound signal and arc length by analyzing the characteristics of the arc sound in the welding process. Bi et al. [10] analyzed the audible arc sound signal under partial penetration, unstable penetration, full penetration, and excessive penetration status, and proposed an online monitoring method for penetration status during the welding process. Lu et al. [11] built a three-channel acoustic emission monitoring system to detect the welding crack position. Wang et al. [12] analyzed the characteristics of arc sound during gas tungsten argon welding to monitor the welding quality. Those previous works provide constructive references for investigation of the detailed relationship between the acoustic signal and furnace splattering. However, it still remains a great challenge about how to design an efficient splattering suppression system for three-phase ac EAF in fused magnesia production based on acoustic signals. First, the vocal mechanism of three-phase ac EAF, which involves the interference of three sound waves from the three arc sources, needs to be analyzed by a mathematical method. Second, the characteristics of acoustic signal before furnace splattering occurs need to be extracted exactly. Last but not least, a device that can automatically record furnace splattering is also necessary to improve the prediction precision and the suppression effect in the initial stage of system design.
Both the image signal and the sound signal of EAF can be obtained by equipment and software. In addition, through the splattering phenomenon and production data, the relationship between the sound signal and the splattering phenomenon can be obtained. An efficient method to suppress splattering is to reduce the air pressure inside the EAF before splattering. The air pressure inside the EAF can be reduced by shutting down ore entrance, increasing the dust remover power, elevating the electrodes, etc. However, the detailed characteristic before splattering is uncertain yet. Therefore, the key issue in this study is to find the acoustic signal characteristic before splattering through experiments. The systematical structure of this paper is organized as follows: Section II analyzes the vocal mechanism of the three-phase AC EAF. Section III shows data acquisition and signal processing of the acoustic signal from the threephase AC EAF in the melting process. Then, the experiment results of splattering prediction and suppression are presented in Section IV. The conclusions are finally given in Section V.
II. VOCAL MECHANISM OF THE THREE-PHASE AC EAF
The main structure of the three-phase ac EAF is shown in Fig. 1 , which includes bus bars, water-cooled buses, conductive arms, electrode holders, graphite electrodes, furnace cover, furnace shell, smoke exit, ore entrance, etc. There are three arcs between the graphite electrodes and the molten pool, as well as three sound waves generated by the arcs interfering with each other inside the furnace shell. The vibration of furnace shell radiates to the surrounding in the form of noise as soon as the sound waves are transmitted to the inner surface of the furnace shell. 
A. Frequency Characteristic of the Acoustic Signal From the Arcs
The relationship between the arc power (ui) and the time integral of the sound pressure p(t) generated by the arcs at a certain point in space is expressed as follows:
where u(t) is the arc voltage, i(t) is the arc current, r is the distance between the point and the arc, k is the scaling factor, γ is the adiabatic expansion coefficient of air, and c is the velocity of sound in the arc [13] . In (2) and (3), the changes of the sound speed in discharge process were neglected. The adiabatic expansion coefficient of air can be treated as a constant when the pressure and the temperature do not change dramatically. Therefore, the scale factor k can be treated as a constant for a certain point in space. Differentiating (2) with respect to the time, p(t) can be described as follows:
In some cases, EAF has a capacitive behavior [14] - [16] . In sinusoidal ac circuits, the fundamental component of arc voltage and arc current could be expressed as follows:
where U m is the amplitude of arc voltage, I m is the amplitude of arc current, ω is the angular frequency, and ψ is the phase difference between the current and the voltage. Finally, substituting (5) and (6) into (4), p(t) can be determined as follows:
It can be seen from (7) that p(t) is a sinusoidal function of time. The frequency of p(t) is twice as much as that of electric current injected into the arc. If the electric current frequency is 50 Hz, then 100 Hz is the characteristic frequency of the arc sound whose amplitude indicates the intensity of arc power [17] . AC arc voltage and current also have harmonic components. In [18] , the measured arc current and arc voltage were almost sinusoidal. Therefore, we assume that the arc voltage and current are sinusoidal. In addition, the arc power of fundamental component constitutes the largest proportion in total power. Thus, we are focusing on the acoustic signal caused by the fundamental component of the voltage and current rather than the harmonic components. However, (4) is also applicable to the acoustic signal caused by the harmonic components.
B. Spatial Distribution of the Interference of Sound Waves Inside the Furnace Shell
The acoustic sensors cannot work inside the furnace shell at high temperature. On the other hand, the acoustic camera cannot describe the sound distribution inside the furnace, because the furnace cover and the furnace shell may obstruct the transmission path of the sound waves. Therefore, the distribution of the sound field inside the furnace can be described only by mathematical calculations. It is well known that sound wave is a kind of longitudinal wave, its propagation direction and vibration direction are the same. Meanwhile, sound wave is a spherical wave, which permeates the entire three-dimensional space. In the present work, MATLAB was used to calculate acoustic interference on the horizontal section through the center of the arcs. For the purpose of simplification, the following three assumptions are made.
1) The power is supplied by a three-phase balanced system. 2) There is no acoustic attenuation or sound reflection inside the furnace shell.
3) The arc length is neglected compared to the diameter of the furnace shell, and the three arcs were equivalent to three point sound sources. Fig. 2 illustrates the equivalent circuit of an ac three-phase EAF for fused magnesia production, where e a , e b , and e c are the phase voltages from the bus bars,
are the resistances, self-inductances, and cross inductances of the EAF short net, respectively. The EAF short net includes water-cooled buses, conductive arms, electrode holders and graphite electrodes, as shown in Fig. 1 .
In the present work, the newly built EAF with the power of 5000 kVA was taken as the research object. The EAF in the steady operating state was simplified into a three-phase asymmetric RC circuit. The self-inductance and mutual-inductance of the conductive arm could be ignored in the fused magnesia production process. Moreover, the equivalent resistance and capacitance in each phase of the EAF circuit can be calculated by the vector diagram. Fig. 3 presents the vector diagram in the steady operation state measured by Fluke 434-II three-phase energy and power quality analyzer and the simplified RC circuit of EAF. In the fused magnesia melting process, the inductance of the EAF short net is very small compared with the arc resistance. Thus, the inductance of the short net can be ignored. The diameter of the water-cooled buses is so large that the flexible ac current probe could trap only one of the two buses of each phase, thus the energy and power quality analyzer shows half of the whole current of each phase. Table I shows the main electrical parameters of the furnace measured by the power quality analyzer. While Table II shows the dimensions of the three-phase ac EAF. For the sinusoidal ac circuit, the relationship among the impedance, current, and voltage complies with the following equations:
In accordance with Table I , (8) and (9), the total resistance and the equivalent capacitance of each phase (R a , R b , R c and C a , C b , C c ) in a certain period can be calculated, and the results are shown in Table III . The short net resistance from the bus bars to the bottom of the graphite electrode is only a few tenths milliohms. It is negligible because it is only a small portion of the total resistance calculated in Table III . The measured voltage could be taken as the voltage applied on each arc. Additionally, the measured current was the arc current.
In (3), γ is 1.40. Accounting for the increase in gas temperature due to the plasma, we take c 340 m/s [19] . Substitute the parameters mentioned above and the dimension of the furnace into (7) . Based on the analysis mentioned above, Fig. 4 can be obtained by MATLAB calculation. This figure presents the spatial distribution of sound amplitude inside the furnace shell. To further illustrate this phenomenon, the noise amplitude in the electrode and the noise amplitude of the external furnace shell are not considered in this calculation. The simulation results show that the sound is extremely loud among the electrodes. The largest sound amplitude is 250 Pa. The sound intensity increases as the distance between the test point and the furnace shell decreases. The three-phase power unbalance leads to different noise distributions of each electrode. The input power level of the three electrodes is B > A > C, which will lead to different shock strength distributions inside the furnace shell.
III. DATA ACQUISITION AND SIGNAL PROCESSING OF ACOUSTIC SIGNAL FROM THE EAF
The structure of acoustic signal acquisition system is shown in Fig. 5 . This system contained microphones, dynamic signal acquisition module, Ethernet chassis, smart camera, router, and industrial personal computer. The microphones were 40PH-type general array microphones. The work frequency was in the range of 5-20 kHz. The average sensitivity of the microphone was 50 mV/Pa. The work current was in the range of 2-20 mA. The output resistance of the entire sensor was below 50 Ω. The interface was in accordance with IEC 61672-1 standard, and the sensor could get excellent work performance in the range of 10-100 kHz. The NI 9234 was 4-channel dynamic signal acquisition module for making high-accuracy audio frequency measurements. The NI 9234 delivers 102 dB of dynamic range and incorporates software-selectable ac/dc coupling and integrated electronic piezoelectric signal conditioning for microphones. The four input channels simultaneously digitized signals at rate up to 51.2 kHz per channel with built-in anti-aliasing filters that automatically adjusted to sampling rate. The dynamic signal acquisition modules were connected to a microphone. In this connection, one interface was bayonet nut connector and the other was subminiature version B). The Ethernet chassis was NI cDAQ9181 and NI cDAQ9188. The entire measurement system was built in local network, and it was connected to a router. To get stable signals in the entire process of the fused magnesia production, the industrial personal computer in this process was NI PXIe-8135, which included Ethernet interface and PXIe parallel bus. The noise signal of the EAF was transferred to the data analysis laboratory by internet cable. There were three measurement points around the EAF, the acoustic signal was obtained by three sampling channels at the same time. The sampling rate of the acoustic signal was 50 kS/s, and the resolution was 24 bits.
To describe the noise distributions in space exactly, three microphones were placed at three measurement points (P A , P B , and P C ) as described in Fig. 6 . The process of splattering can be monitored by the NI 1774C smart camera. With network interface, both the image signal and the noise signal can be transferred to the data analysis laboratory. Subsquently, the obtained sound signal and image signal can be stored and further analyzed by the industrial personal computer, NI PXIe-8135.
By means of particle detection [20] , vision builder for automated inspection (VBAI) can realize the analysis of the image signal. The image signal process is described in detail as follows.
1) Filter out the dim background color of the image.
2) Binarization process for smoke. The RGB value of each pixel in the image is compared to the RGB value range of the smoke. If the RGB value of the pixel is in the range, the pixel is defined as a "smoke pixel." If the RGB value of the pixel is out of the range, the pixel is defined as a "smokeless pixel." 3) Count the number of the "smoke pixel." 4) Calculate the "smoke index." The "smoke index" is calculated by dividing the number of "smoke pixel" by "smoke threshold." The "smoke threshold" is the minimum "smoke pixel" number in the splattering record. 5) Calculate the "flame index." The calculation of "flame index" is patterned after 2) to 4). The logic calculation rule of EAF splattering is that both the smoke index and the flame index are greater than 1 in the same image. According to the above-mentioned method, the VBAI monitored the smoke and flame on the EAF, and judged whether the splattering occured or not.
The analysis of sound signal can be achieved by the following process. First, the signal can be transformed into time-frequency diagrams by Winger-Ville distribution [21] , [22] , thus the stable state and feature frequency can be obtained in the diagram. On the basis of feature frequency, LabVIEW can realize bandwidth filtering. Moreover, the variation of amplitude before splattering and the sound at feature frequency could be analyzed in LabVIEW. As a consequence, the principle of predicting the splattering in EAF can be obtained.
With Winger-Ville distribution, LabVIEW can be applied to realize the calculation of energy distribution of sound signal in time-domain and frequency-domain. Winger-Ville distribution is the most commonly used time-frequency analysis tool. This algorithm has many advantages over other time-frequency analysis. For single signal, it has much higher time and frequency resolution capacity [23] . For a discrete signal X, with an analytic associate of Z, the following equation defines the Wigner-Ville distribution of analytic associate WVD z (n, f ):
where n is the index in the time-domain, f is the index in the frequency domain, analytic associate Z is X + j * H [X] , and H[X] is the Hilbert transform of X. 
IV. EXPERIMENTAL RESULTS
In this study, the noise data in steady period, presplattering period, and splattering period were acquired from the 5000 kVA EAF. The fused magnesia smelting process was from 8:00 P.M. to 6:00 A.M. the next day. Therefore, each measurement campaign was conducted in a period of 10 h. In addition, the acquired acoustic data amount for each campaign was about 54 GB. The acquired data were stored in technical document management system file format for the offline analysis.
With Winger-Ville distribution, LabVIEW displayed the EAF sound energy density level distribution below 500 Hz. The timefrequency diagrams of the sound data in different smelting periods are shown in Fig. 7 .
There were stable arcs among the electrodes and the melting pool when the EAF was in a steady period. Energy was smoothly injected into the ore. The arc power was strong. So the sound intensity of 100 Hz was strong. There was a bright strip at 100 Hz, which could be observed from Fig. 7(a) . Some molten slag sprayed from the furnace shell when the EAF was in the splattering period. Consequently, the sprayed molten slag quickly took away much heat from the furnace, and the heat loss resulted in an unstable pressure inside the furnace shell. The rapidly flowing gas lashed against the arcs. Simultaneously, the arcs began to fluctuate and the arc power decreased. Moreover, the strip at 100 Hz became dim and discontinuous, which could be observed from Fig. 7 (b) . The unstable arcs in the EAF were highly nonlinear. Meanwhile, the arcs generated more harmonic components. The second harmonic formed the largest part of the harmonic components. According to (7), the sound frequency caused by the second harmonic component should be 200 Hz. So there was a bright strip at 200 Hz in Fig. 7(b) . The sound intensity of 200 Hz was stronger than that of 100 Hz. According to the above-mentioned analysis, the following conclusions can be obtained. The arc sound frequency is two times of the EAF current frequency. The sound frequency which is four times of the EAF current frequency represents the splattering status. This frequency is defined as the EAF splattering characteristic frequency. Fig. 8(a) shows the sound waveforms at three measurement points labeled in Fig. 6 . The sound waveform frequency at 100 Hz can be found at the three measurement points. The amplitude of 100 Hz sound waveform can be obtained by the IIR band-width filter in Fig. 8(b) . Table IV displays the amplitudes with the calculation results in Fig. 4 . It can be observed that the calculation results in Fig. 4 are well consistent with the results measured in the actual production process. The amplitudes of the calculation points inside the furnace shell cannot be measured. In order to not affect the smelting operation, there needs to be a certain distance between the measurement points and the furnace shell. In the experiment, the distance between the measurement points and the furnace shell was 0.5 m. The absolute values of amplitudes were different in modeling and experimental data, whereas the relative differences were similar. The results demonstrate that the measurement points can be used to describe the sound of EAF well. The whole splattering process can be divided into three periods, i.e., stable period, presplattering period, and splattering period. Fig. 9 shows the image signals and sound signals of the three periods. In the steady period, the sound amplitudes of the three measurement points under 200 Hz were less than 1 Pa and remained unchanged. In the presplattering period, the amplitudes of sound increased, and at least one measurement point's amplitude was over 2 Pa. The presplattering period lasted for 3-5 s. In the splattering period, the amplitude of sound was smaller than that of in the presplattering period due to the large amount of energy released by EAF. Fig. 9 shows the image signals and the sound signals in a whole EAF splattering process. The image signals cannot distinguish the stable period and the presplattering period, but the splattering phenomenon can be monitored by the image signals. Since the sound signals can distinguish the differences between the stable period and the presplattering period, the splattering can be predicted by sound signals. Through the combination of the image signals and the sound signals, the splattering can be predicted exactly. The prediction time mainly depends on the amplitude threshold of the 200 Hz EAF sound. Specifically, within a certain range, the prediction time will become shorter when the threshold increases. Conversely, decreasing the threshold can prolong the prediction time. Meanwhile, the misinformation rate will increase if the prediction time gets longer. The misinformation rates and the prediction time with different prediction thresholds are shown in Table V .
In order to determine whether the EAF was in the presplattering period, a splattering suppression program constructed according to the change of 200 Hz sound amplitude during the whole splattering process was introduced into the original control system. In the modified control system, the splattering suppression program took precedence over the original program. When there was a conflict between the two purposes, the control system would execute splattering suppression program first. Once there was no splattering risk, the voltage regulation program would execute. The program flowchart is shown in Fig. 10 . If the EAF was in the presplattering period, the program would execute the following commands to remove the gas inside the furnace: The ore entrance would be shut down, and the power of the dust remover would be increased. Then, the electrodes were elevated a few centimeters. In addition, different amplitudes of 200 Hz sound signals have different splattering levels. The EAF splattering level can be defined as the ratio of the amplitude of 200 Hz sound signal to the threshold amplitude. The ratio is greater than 1 if the EAF is in the presplattering period. The increase power of the dust remover is proportional to the splattering level, and the speed to elevate the electrodes is also proportional to the splattering level. In order to improve the precision of the splattering prediction based on acoustic signal, LabVIEW combined the image signal and acoustic signal through the machine vision analysis module, the frequency domain analysis subroutine, and the time domain analysis subroutine. Fig. 9(b) shows that the furnace splattering happened when both flame and smoke occur simultaneously in the image signal. Based on this phenomenon, the furnace splattering was recorded automatically in the program. If the furnace splattering remained when the suppression program was introduced in the EAF control system, the threshold of the 200 Hz sound amplitude would be adjusted.
The production statistics are shown in Table VI . It can be seen that the splattering suppression program could suppress the splattering effectively. The energy consumption per ton decreased since the heat loss was reduced by the splattering suppression program. The power consumption data were readable in the factory power distribution station after the smelting process. However, the output data could not be known until the solidified magnesia cooled down. The cooling down process continued for at least 7 days.
V. CONCLUSION
In summary, the arc sound frequency was two times of the EAF current frequency, and the data collected in the actual production process agreed well with the calculation results. The characteristic frequency before and during EAF splattering was also investigated. It was four times as much as that of the electric current injected into the arc. Meanwhile, the amplitude of the characteristic frequency noise increased before splattering. Based on those phenomena, the splattering suppression system predicted EAF splattering 3-5 s ahead. Furthermore, a splattering suppression program was finally introduced into the original control system. The program suppressed EAF splattering effectively in fused magnesia production. Finally, it is expected that the splattering suppression technique based on acoustic signal can reduce the energy consumption per ton during fused magnesia production process. In the future research, a great deal of work needs to be done before the commercialization of the splattering suppression system, e.g., reducing the system cost and extending the time interval of splattering prediction. He holds three Chinese patents and has published three research papers on electric arc furnaces. His research interests include electric arc furnace mathematical modeling, data acquisition, and digital signal processing. He is currently the Director of the Environment Engineering Assessment Center of Liaoning Province, Shenyang, China.
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